Growth factors play an important role in regulating vascular function. Data are limited regarding clinical and genetic correlates of endothelial growth factors and their associations with vascular function.
Introduction
Cardiovascular disease (CVD) is a major cause of morbidity and mortality in the United States. 1 Substantial scientific evidence identified progressive structural and functional changes in the vessel wall-termed as vascular remodelling 2 -as hallmarks of atherosclerosis, 3 which precedes overt CVD by decades. As a consequence, investigating the determinants of vascular remodelling and identifying biomarkers of the process are critical. Vascular endothelial growth factor (VEGF) modulates physiological and pathophysiological vascular development. 4 VEGF stimulates the production of nitric oxide (NO) and prostacyclin by endothelial cells, 5, 6 increases vascular permeability, 7 stimulates growth, 8 and prevents apoptosis of endothelial cells. Elevated circulating VEGF has † These authors contributed equally.
been observed in hypertension, 9 coronary disease, 10 myocardial infarction, 11 peripheral arterial disease, 10 and heart failure. 12 VEGF binds two receptors, VEGFR1 and VEGFR2. 13 The soluble isoform of VEGFR1 (sFlt-1) is found in circulation where it inhibits VEGF by direct sequestration. 13 Hepatocyte growth factor (HGF) is another angiogenic growth factor expressed by multiple cell types, including endothelial and vascular smooth muscle cells.
14 Increased circulating HGF has been reported in hypertension, 15 obesity, 16 myocardial infarction, 17 ventricular hypertrophy, 18 and heart failure. 19 HGF is also positively associated with arterial stiffness and with reactive hyperaemia in hypertension, 20 and has been related to carotid artery remodelling. 21 Although VEGF, sFlt-1, and HGF play a fundamental role in vascular remodelling, the clinical correlates of circulating VEGF, sFlt-1, and HGF have not been comprehensively assessed. We related VEGF, sFlt-1, and HGF levels to CVD risk factors and to measures of brachial artery (BA) function, and estimated the heritabilities of these biomarkers. We hypothesized that: a higher burden of CVD risk factors is associated with higher VEGF and HGF but lower sFlt-1; these biomarkers are heritable; VEGF and HGF are associated with better endothelial function but sFlt-1 is associated with endothelial dysfunction.
Methods

Study sample
The design of the Framingham Offspring Study has been described elsewhere. 22 Starting in 2002, 4095 participants with at least one parent in the Offspring cohort were enrolled in the Generation 3 cohort (Examination 1). 23 We excluded 341 attendees for reasons detailed in the Supplementary material online. After exclusions, 3754 participants remained eligible. At their first examination, Generation 3 participants have been comprehensively phenotyped as detailed in the Supplementary material online. All participants provided informed consent and the study complies with the Declaration of Helsinki and was approved by the Institutional Review Board at the Boston University Medical Center.
Laboratory measurements of vascular endothelial growth factor, sFlt-1, and hepatocyte growth factor
Blood was drawn after an overnight fast, immediately centrifuged and stored at 2808C until biomarkers were assayed. Serum VEGF, sFlt-1, and HGF were measured with commercial assays (R&D Inc.) as detailed in the Supplementary material online.
Flow-mediated dilation and reactive hyperaemia measurements
Baseline and hyperaemic measures of BA structure and function have been determined using a Toshiba SSH-140A ultrasound system as described previously 24 and detailed in the Supplementary material online.
Statistical analyses
Additional details on the analyses performed are displayed in the Supplementary material online.
Clinical correlates
VEGF, sFlt-1, and HGF were natural log-transformed to normalize their distributions. 25 A two-sided P-value below 0.05 was considered statistically significant.
Heritability estimates
As detailed in the Supplementary material online, heritability for each logbiomarker was estimated using variance components analysis. The analyses were performed on residuals from models adjusting for (1) age and sex; (2) age, sex, and all other covariates that were significantly associated with the respective biomarker in our prior analyses (clinical correlates).
Relations to vascular function
Log-biomarker concentrations were related to four vascular function measures using GEE: baseline BA diameter, baseline BA mean flow velocity, flow-mediated dilation (FMD), and hyperaemic mean flow velocity. Model 1 adjusted for age and sex; model 2 adjusted for age, sex, mean arterial pressure, pulse pressure, heart rate, BMI, total/ HDL cholesterol, fasting glucose, diabetes, smoking within 6 h prior to the procedure, prevalent CVD, hormone replacement therapy, hypertension, lipid-lowering medication, and walk test. These covariates correlate with BA vascular function in our cohort. 24 
Results
Information on the number of siblings per family in the study sample is provided in Supplementary material online, Table S1 . The characteristics of our study sample are shown in Table 1 . After adjusting for age and sex, LogVEGF correlated weakly with LogsFlt-1 (r ¼ 0.024) and moderately with LogHGF (r ¼ 0.18). The age-and sex-adjusted correlation between LogsFlt-1 and LogHGF was low (r ¼ 0.14).
Clinical correlates of vascular endothelial growth factor, sFlt-1, and hepatocyte growth factor
In multivariable analyses, VEGF had significant positive associations with female sex, systolic BP, smoking, and BMI ( Table 2) . Replacing all significantly associated continuous variables by their categorical counterparts, VEGF was positively associated with abdominal obesity (P ,0.001), hypertension (P ¼ 0.02), and MetS (P ,0.001). Consistent with this finding, VEGF increased with the number of components of MetS ( Figure 1 ). In secondary analyses, VEGF concentrations did not differ between pre-and postmenopausal women, nor between women in the follicular vs. luteal phases of their menstrual cycle (data not shown). Serum sFlt-1 levels were positively associated with male sex and age and negatively associated with smoking and renal function ( Table 2) . HGF displayed positive associations with age, female sex, diastolic BP, anti-hypertensive treatment, diabetes, triglycerides, smoking, and BMI, and an inverse association with HDL cholesterol ( Table 2) . In secondary analyses, replacing significant continuous traits by binary variables, HGF was positively associated with hypertension (P ,0.001), diabetes (P ,0.001), high triglycerides (P ,0.001), smoking (P ,0.001), abdominal obesity (P ,0.001), and the MetS (P ,0.001). HGF levels increased gradually with the number of components of the MetS (P , 0.001; Figure 1 ).
Heritability estimates for vascular endothelial growth factor, sFlt-1, and hepatocyte growth factor For VEGF, the estimated heritability ranged from 0.77 to 0.78. For sFlt-1, the heritabilities were lower at 0.12-0.13. The heritability for HGF was 0.37-0.38 ( Table 3) .
Association of vascular endothelial growth factor, sFlt-1, and hepatocyte growth factor with vascular function
In age-and sex-adjusted models, VEGF and HGF were associated positively with baseline BA diameter and with baseline BA mean flow velocity. These associations were no longer significant after adjusting for covariates ( Table 4) . Adding BMI alone or heart rate and BMI to the models was sufficient to render statistically non-significant the associations of growth factors with vascular function (noted in age-and sexadjusted models) in most instances. sFlt-1 was not associated with any measure of vascular structure or function ( 
Discussion Principal findings
First, we observed a sexual dimorphism in circulating biomarkers: VEGF and HGF concentrations were higher in women, whereas sFlt-1 was lower. Second, both VEGF and HGF were highly significantly and positively associated with select risk factors, i.e. smoking, BMI, and obesity, and with the constellation identifying MetS. sFlt-1 was inversely related to smoking. Third, we observed very high heritability for VEGF, moderately high heritability for HGF, and modest heritability for sFlt-1. Finally, VEGF and HGF were associated with baseline brachial diameter and baseline mean flow velocity in age-and sex-adjusted models. However, adjustment for clinical covariates rendered these associations non-significant, suggesting that the associations of growth factors with baseline measures of vascular structure and function may be mediated via their relations to other risk factors.
Comparison with the literature
Sexual dimorphism of circulating vascular endothelial growth factor, hepatocyte growth factor, and sFlt-1 Sexual dimorphism for vascular growth factors has previously been reported in a relatively small case -control study of obese vs. nonobese individuals. 26 In that study, circulating VEGF-C, VEGF-D, and angiopoetin-2 were significantly higher in women. 26 Yamamoto et al. 21 observed no association of plasma HGF with sex. Recently, one study reported higher VEGF in men, 27 whereas another observed increased concentrations in women. 28 Our results are in agreement with the latter findings. We observed significantly higher VEGF and HGF and lower sFlt-1 in women.
The mechanisms for these sex-related differences in circulating growth factors are not clear, but experimental studies suggest that sex hormones may modify vascular growth factor levels. Endogenous estrogens have vasculo-protective effects, in part by regulating VEGF expression. 29 For example, estrogen modulates VEGF and sFlt-1 expression in the endometrium, 30 in cancer cells, 31 and in vascular smooth muscle cells in vitro. 32 Estrogens also increased HGF production. 33 It is conceivable, therefore, that higher endogenous estrogen contributes to increased VEGF and HGF in women.
Association of vascular endothelial growth factor, sFlt-1, and hepatocyte growth factor with cardiovascular disease risk factors
The strong positive associations of VEGF and HGF concentrations with obesity and presence of the MetS are consistent with prior reports. 16, 34 Statistically significant correlations have been reported between VEGF or HGF and lipid levels/dyslipidaemia in some 27, 34, 35 but not in other studies. 21 Importantly, most prior studies had relatively small samples, limiting their statistical power to detect modest associations. In our large communitybased sample, we noticed a borderline significant positive association of VEGF with triglycerides, a significant positive association of HGF with triglycerides, and a significant negative association of HGF with HDL cholesterol. We also observed strong associations between biomarkers and smoking. VEGF and HGF were higher in smokers, whereas sFlt-1 levels were lower. These results are in agreement with most 27, 36 but not all previous studies.
37,38 Multivariable models were adjusted for those variables, which were significant for the respective biomarkers in Table 2 . HGF, hepatocyte growth factor; sFlt-1, soluble fms-like tyrosine kinase-1; VEGF, vascular endothelial growth factor; CI, confidence interval.
Previous clinical studies reported higher growth factors in hypertensives. 9, 15 In agreement with these results, we observed positive associations of VEGF and HGF concentrations with hypertension, and with BP variables modelled as continuous traits. Finally, we observed a positive association of HGF and sFlt-1 levels with age. This is consistent with a prior report by Yamamoto et al.
21
Although the different biomarkers were in part related to the same clinical correlates (e. g. BP and BMI), the correlation between the biomarkers themselves was rather low. This might be explained by the fact that traits like BP or BMI are influenced by multiple mechanisms.
Furthermore, the lack of correlation between serum levels of the three biomarkers is intriguing, but it does not negate potential correlations among the markers at the tissue level.
Possible mechanisms for association of vascular endothelial growth factor and hepatocyte growth factor with cardiovascular disease risk factors
Increasing evidence links vascular growth factors to CV risk factors, subclinical, and overt atherosclerotic disease. Clinical studies observed elevated circulating VEGF and HGF in patients with various forms of CVD. 10 -12,17,19 Furthermore, growth factor levels have been associated with subclinical atherosclerotic disease. 18, 21 It is controversial, however, whether vascular growth factors have a proatherogenic or a vasculoprotective net effect.
39
HGF and VEGF and their receptors are found in atherosclerotic lesions, 40 -42 and VEGF promoted plaque progression in animal models. 43 Other studies support a vasculoprotective role of VEGF 44 and VEGF gene transfer has been discussed as a new treatment option for ischaemic heart disease. 45 Our data indicate that circulating growth factors are related to several CVD risk factors and thus underscore that these biomarkers might play an important role in atherosclerotic diseases, either as disease markers or as contributors to the disease process. In particular, we found a prominent positive association of circulating HGF and VEGF with obesity and the MetS. Production of both biomarkers within the adipose tissue 16, 46 may explain this finding. An alternative possibility is that vascular growth factors may play a key role in the regulation of adipogenesis. 47 We also observed a positive association of HGF and VEGF with hypertension. Impaired vasculogenesis has been proposed as a contributing factor to hypertension and VEGF application has been reported to induce hypotension in animal models 48 and in clinical trials. 49 Furthermore, hypertension is a known side-effect of VEGF-pathway inhibitors, e. g. in the setting of different cancer therapies. 50, 51 Overall, these data are consistent with the notion that VEGF may be a marker for hypertension, with higher circulating levels representing a response to high systemic BP.
The observed association between all three biomarkers and smoking may be because smoking promotes atherosclerosis/ inflammation, also known to increase growth factor expression.
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Of note, ageing is associated with modifications in the vessel wall, which are in many ways mechanistically comparable to Correlates of vascular growth factors changes in atherosclerosis. 53 This might explain the associations of sFlt-1 and HGF levels with age.
Heritability of vascular endothelial growth factor, sFlt-1, and hepatocyte growth factor
To the best of our knowledge, this is the first study to report heritability estimates for sFlt-1 and HGF. The heritability for sFlt-1 was relatively low, that of HGF was moderate. In contrast, VEGF displayed substantial heritability. Consistent with our data, two previous studies reported very high heritability for VEGF. 54, 55 Overall, these data are consistent with the notion that angiogenesis/collateral formation is a heritable phenotype.
Association of vascular endothelial growth factor, sFlt1, and hepatocyte growth factor with vascular function
Data on the association of vascular growth factors with vascular function are relatively limited. Flow-mediated dilation was impaired in a small series of hypertensive patients and correlated negatively with circulating VEGF. 56 Schmidt-Lucke et al., 38 similarly found an inverse correlation between circulating VEGF and endothelial function.
To our knowledge, relations of circulating VEGF, sFlt-1, and HGF to indices of vascular function in the community have not been reported. We observed an association of VEGF and HGF with baseline measures of vascular structure (BA diameter) and function (BA mean flow velocity). Interestingly, these associations were attenuated upon adjustment for other clinical covariates, suggesting that the association between VEGF and HGF and vascular structure and function may be mediated via these risk factors.
Limitations
Limitations of our investigation include the cross-sectional design. Also, the sample was predominantly white, which limits the generalizability of our findings. Given that platelets are an important source of VEGF, it would be desirable to adjust levels for platelet counts. We were unable to do so because platelet counts were not measured in our samples. Each biomarker was measured only on a single occasion in each participant, which might have led to some random misclassification biasing our results towards the null hypothesis. Due to the exploratory character of the present analyses, we did not adjust for multiple testing and acknowledge that our findings require confirmation in other cohorts.
Conclusions
In our investigation of a large community-based sample, we observed that VEGF, its soluble receptor sFlt-1, and HGF are heritable. VEGF and HGF display associations with established vascular risk factors, including the cluster defining the MetS. Additional studies are warranted to confirm these findings.
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